Background and objectives Hyperuricemia is associated with hypertension, coronary artery disease, and chronic kidney disease. However, there are no specific data on the relationship of uric acid to cardiovascular disease in the chronic hemodialysis setting.
Introduction
Epidemiologic studies have demonstrated that ESRD and chronic kidney disease are independent risk factors for cardiovascular events and mortality (1) . Moreover, cardiovascular disease is the leading cause of morbidity and mortality (2) in this setting. Elevation of serum uric acid has been shown to be associated with and may be causally related to hypertension, coronary artery disease, and chronic kidney disease (3) (4) (5) . Hyperuricemia has also been linked to the metabolic syndrome (6, 7) , and along with the increasing prevalence of obesity and hypertension, uric acid has been more closely scrutinized. A recently published study suggests that in a subset of patients in the Modification of Diet in Renal Disease (MDRD) trial (8) there was an association between hyperuricemia and cardiovascular mortality in patients with chronic kidney disease (9) . Only three prior studies have examined uric acid as a predictor of patient outcomes in hemodialysis patients and have suggested a J-shaped relationship between uric acid and mortality. However, each of these studies was based on data collected from a single center with a relatively small sample size (10 -12) .
We postulated that, similar to the reported associations in the general population, hyperuricemia would be an independent predictor for cardiovascular-related events and death in patients on chronic hemodialysis. However, we were open to the possibility that paradoxical associations could be found, as suggested by prior literature as well as published data with respect to other similar associations often encountered in this patient population (13) (14) (15) . We investigated this topic in the international Dialysis Outcomes and Practice Patterns Study (DOPPS), which has collected uric acid levels from a substantial number of patients who have undergone uric acid testing as part of their usual care on hemodialysis, and where this issue could be examined in large numbers of patients from multiple dialysis facilities around the world.
ongoing, international, prospective, cohort study of hemodialysis patients and practices (16) . The main purpose of the DOPPS is to identify dialysis practices that are associated with improved patient outcomes. In DOPPS I (1996 -2001), five European countries (France, Germany, Italy, Spain, and the United Kingdom), Japan, and the United States were included. DOPPS II (2002) (2003) (2004) ) included these countries, and added Belgium, Sweden, Canada, Australia, and New Zealand. The DOPPS sampling plan and study methods have been described elsewhere (17, 18) . Dialysis facilities were randomly selected in each country and only those facilities with at least 20 to 40 patients were included. Patients were then randomly selected within each facility for enrollment in the DOPPS. The DOPPS received local and national institutional review board approval as required. All patients enrolled were at least 18 years old and the subset of patients used for analysis had been on hemodialysis for Ͼ3 months.
Availability of Serum Uric Acid Values in DOPPS
The predialysis serum uric acid values were obtained from both DOPPS I and DOPPS II. Study baseline values were used as a representative of each patient's mean serum uric acid level. Among patients with at least three measurements recorded every 4 months, the coefficient of variation was Ͻ20%, an acceptable indicator of stability, in 86% of patients. Patients receiving uric acid lowering agents such as allopurinol were included in the analysis (n ϭ 598). Testing practices for uric acid varied widely by country. For example, over 90% of patients in Spain and Japan were tested for uric acid, compared with Ͻ10% in the United States. To account for this variability between countries, the study restricted the data analysis to DOPPS countries that performed testing for uric acid on at least 50% of their patients. Additionally, patients from Germany were excluded because of excessive "missingness" of many laboratory measures. The data represent the initial prevalent cross-section of patients from 60 dialysis facilities in France, Italy, and Spain in DOPPS I (n ϭ 1503) and from 161 dialysis facilities from France, Italy, Spain, Japan, Sweden, and Belgium in DOPPS II (n ϭ 4324). Among these patients, serum uric acid measurements were available in 1183 patients from 53 facilities in DOPPS I and 3454 patients from 145 facilities in DOPPS II.
Statistical Analyses
Distribution and descriptive summary measures of serum uric acid across phases and countries were examined. Patient characteristics were compared between groups with and without measured serum uric acid. A clustered logistic regression model was used to examine patient characteristics associated with predictive odds of serum uric acid Ͼ8.2 mg/dl versus Յ8.2 mg/dl (80th percentile). The model used the generalized estimating equations (GEE) approach to account for clustering at the facility level, assuming a compound symmetry covariance structure (19) and adjusted for DOPPS phase and country of residence. The patient characteristics that were controlled for are listed in Table 1 .
Outcomes
The primary outcome measure was all-cause mortality, and the secondary outcome was cardiovascular mortality. Stratified Cox proportional hazards regression was used to examine the relationship between all-cause mortality and serum uric acid concentration, controlling for age, black race, sex, body mass index, years with ESRD, albumincorrected serum calcium, albumin, ferritin, creatinine, phosphorus, use of allopurinol, and 14 summary comorbid conditions: coronary artery disease, cancer (nonskin), other cardiovascular diseases, cerebrovascular disease, congestive heart failure, diabetes, gastrointestinal bleed, HIV/ AIDS, hypertension, lung disease, neurologic disease, psychiatric disorder, peripheral vascular disease, and recurrent cellulitis. Normalized protein catabolic rate (nPCR) was adjusted for in a sensitivity analysis, but not included in the model because of excessive missingness (31% of sample). The model was stratified by study phase and country and accounted for facility clustering effects by using the sandwich estimator for the standard errors. The relationship between cardiovascular mortality and serum uric acid concentration was similarly examined by using a Cox proportional hazards regression model with the same adjustments. Cardiovascular events contributing to cardiovascular mortality included: acute myocardial infarction, atherosclerotic heart disease, cardiomyopathy, cardiac arrhythmia, cardiac arrest, congestive heart failure, cerebrovascular accident including intracranial hemorrhage, ischemic brain damage, and anoxic encephalopathy. There was a varying degree of missingness across different laboratory measurements used in the analysis. A multiple imputation method was carried out to impute these measurements. Five imputed data sets were generated using the sequential regression approach in IVEWARE (20) , a stand-alone and SAS-compatible software program for analyses with missing data, developed and maintained at the University of Michigan. The five sets of estimates were pooled by using a simple average, whereas the standard error was estimated using Rubin's formula (21) . Among nonimputed confounders in the Cox models, only body mass index (BMI) had a nontrivial amount of missing data (3%). Rather than use a missing indicator variable or complete case analysis, a response propensity approach was used where the cases were weighted by the inverse probability of nonmissing BMI, a confounder for the relationship between serum uric acid and mortality (22) . The probability was calculated using a logistic regression model modeling the likelihood of nonmissingness of BMI with the demographic information, laboratory values, and comorbidities serving as independent variables. The statistical analyses were performed using IVEWARE and the SAS statistical package, version 9.1 (SAS Institute, Cary, NC) (19) .
Results
A total of 4637 patients had baseline uric acid concentrations recorded, whereas 1190 did not. There were no clinically significant differences in baseline characteristics between those who had measured uric acid and those who did not (Table 2 ). Figure 1 reveals baseline serum uric acid is approximately normally distributed with a mean of 6.97 mg/dl. Uric acid distribution by DOPPS phase and country is shown in Figure 2 , along with the percentage of patients without uric acid measured. Table 1 reveals significant predictors for uric acid concentration Ͼ8.2 mg/dl. The adjusted odds ratio of having high uric acid was significantly lower among patients from countries other than Japan. High uric acid was associated with younger age, higher BMI, residual renal function, use of diuretics, higher serum phosphorus, higher serum creatinine, lower serum calcium (albumin corrected), lower serum potassium, and higher nPCR and inversely associated with diabetes and use of allopurinol.
Median follow-up was 23 months with a maximum of 37 months. Uric acid level was associated with lower all-cause mortality (hazard ratio [HR]: 0.95, 95% confidence interval [CI]: 0.90 to 1.00, per 1 mg/dl higher uric acid). As shown in Figure 3A , when examining the association of quintiles of uric acid to mortality, the adjusted hazard ratio for all-cause mortality was statistically significant below a concentration of 6.4 mg/dl. When analyzed as a dichotomous variable, the adjusted HR at concentrations Յ8.2 mg/dl was 1.24 (95% CI: 1.03 to 1.49) compared with Ͼ8.2 mg/dl. A sensitivity analysis excluding Japan revealed similar results (HR ϭ 1.21, 95% CI: 0.99 to 1.49). Figure 3B shows that higher uric acid was associated with lower cardiovascular mortality (HR: 0.92, 95% CI: 0.86 to 0.99, per 1 mg/dl higher uric acid). The adjusted HR at concentrations Յ8.2 mg/dl was 1.54 (95% CI: 1.15 to 2.07) compared with Ͼ8.2 mg/dl. A sensitivity analysis excluding Japan revealed similar results (HR ϭ 1.68, 95% CI: 1.14 to 2.46). The strength of the association was attenuated by adjusting for patient demographics, whereas adjustments for comorbidities, laboratory values, and allopurinol use had minimal effect (Figure 4) . A sensitivity analysis restricted to patients with nonmissing nPCR showed that the HR decreased from 1.28 (95% CI: 1.01 to 1.61) to 1.24 (95% CI: 0.98 to 1.56) after additionally adjusting for nPCR. Mortality model results using the inverse probability weighting of nonmissing BMI were consistent with the complete-case analyses.
Discussion
The results of this study indicate that higher uric acid concentrations are associated with lower all-cause and cardiovascular mortality among hemodialysis patients. These results are in contrast to published literature in the general population and raise the possibility that higher uric acid concentrations may be cardioprotective in dialysis patients.
Traditionally, hyperuricemia has been associated with hypertension and chronic kidney disease (3) (4) (5) . In the Losartan Intervention For Endpoint reduction (LIFE) (23) trial, the losartan arm was associated with regression of left ventricular hypertrophy, a lower incidence of strokes and coronary events, and lower serum uric acid (P Ͻ 0.001). One potential mechanism for these results was the uricosuric action of losartan. More recently, Madero et al. made a subset analysis of 839 patients enrolled in the Modification Diet of Renal Disease (MDRD) trial (8) . They included patients with measured serum uric acid concentrations and those with chronic kidney disease stages III and IV. The conclusion of the study was that higher uric acid was associated with higher all-cause and cardiovascular-related mortality.
However, neither the LIFE nor the MDRD subset analysis included hemodialysis patients. The results of this study contradict current thinking regarding the linkage of serum uric acid as an independent risk factor for death and cardiovascular events.
Thus far, three prior single-center studies have investigated the relationship of uric acid to all-cause mortality in hemodialysis patients (10 -12) . None specifically examined cardiovascular, cause-specific mortality. All three studies were characterized by sample sizes of Ͻ300 patients and two of the three studies restricted their analyses to patients initiating hemodialysis only. We did not find a J-shaped relationship, as suggested by these earlier studies. There was no upward trend in mortality risk even among patients with uric acid Ͼ8.2 mg/dl (the 80th percentile cutoff value). However, we do confirm the previously reported higher risk at lower uric acid values. Even relatively "normal" values of uric acid were associated with higher risk of both death from all causes and cardiovascular disease in our study. This paradoxical association represents yet another example of the so-called "reverse epidemiology" in the dialysis population and the association remained robust despite several levels of statistical adjustment, albeit the possibility that residual confounding cannot be ruled out. Our study suggests a cardioprotective role for uric acid in the hemodialysis population. An example of the failure of what are normally considered cardioprotective therapies is that the 4D (24) study revealed no mortality benefit from lipid-lowering therapy. In addition, paradoxical associations with mortality have been well described among hemodialysis patients with respect to BP, as well as obesity and higher BMI and LDL cholesterol (13) (14) (15) 25) . The potential mechanisms of this association in hemodialysis patients have yet to be elucidated.
We speculate that higher uric acid among hemodialysis patients is a surrogate for better nutritional status, as evidenced by the positive association with higher nPCR, creatinine, phosphorous, and BMI. However, persistence of the association despite adjustment for these variables, as well as serum albumin, raises the possibility of other potential mechanisms for this apparent protective effect. Other examples analogous to the paradoxical association with uric acid are homocysteine (26) and leptin (27, 28) . Similar to uric acid, homocysteine is also a marker of better nutritional status and higher protein intake.
Furthermore, a considerable body of literature has focused on inflammation as being causally related to morbidity and mortality in dialysis patients. Uric acid has been shown to have antioxidant properties in vitro (29) and this property may account for some of the benefit observed in the hemodialysis population, where oxidative stress is thought to be mechanistically linked with the excess cardiovascular mortality (30 -34). In another study, uric acid was positively correlated with high sensitivity C-reactive protein levels in patients with chronic kidney disease (9) . Although the link between uric acid and inflammation has not been entirely clarified, all studies in nondialyzed patients with chronic kidney disease demonstrate better outcomes at lower uric acid concentrations. The strengths of our study include a large, diverse, and international population of hemodialysis patients in the DOPPS. The fact that detailed information was collected with respect to patient characteristics, comorbidities, and laboratory data permitted comprehensive statistical adjustments to minimize bias inherent in observational studies where associations do not prove causality, and residual confounding cannot entirely be excluded.
Certain other limitations specific to this work are as follows: single, only baseline, and not repeated measurements of uric acid were considered as the independent variable and the assessment of nutritional status at baseline was not comprehensively defined a priori. Furthermore, the effect of allopurinol on survival could not be investigated as only a small number of patients were receiving this therapy on hemodialysis. We found no systematic differences between those who had available uric acid concentrations versus those who did not, suggesting that measurement of uric acid, for the most part, is likely to be a practice pattern at the dialysis facility level, rather than being dictated by specific patient-level clinical indication. Therefore, we expect that the measured association holds in countries that were excluded from this analysis because of a low proportion of patients with measured uric acid concentrations such as the United States, United Kingdom, and Canada.
In conclusion, our study explored the relationship between serum uric acid and both all-cause and cardiovascular mortality and found that higher uric acid concentrations were associated with lower mortality among hemodialysis patients. This unexpected association may, in part, be explained by the fact that higher uric acid concentration among the hemodialysis population is a marker for better nutritional status as evidenced by its association with higher protein intake, serum creatinine, and BMI. The association remained robust despite adjustment for these variables, as well as other markers of nutrition and inflammation including serum albumin and ferritin. Alternative mechanisms, such as uric acid's antioxidant properties and the role of allopurinol in hemodialysis patients, should be the subject of future investigations.
